In this paper we study the properties of diquarks (composed of u and/or d 
Introduction
A light baryon composed of u, d, or s quarks is a very complex three-body system in which all the three light quarks play important roles in the dynamics of the baryon.
However, for a baryon containing a heavy quark, in the heavy quark limit, dynamics in the baryon is greatly simplified theoretically. In the heavy quark limit, the heavy quark effective theory (HQET) [1] shows that the light quarks move in an effective static color field (in the rest frame of the heavy baryon) and can not see the spin and flavor degrees of the heavy quark. The heavy baryon system has an extra SU(2) f ⊗SU(2) s symmetry.
Therefore, the spin and isospin of the light quarks and the heavy quark are conserved separately.
In recent years, more and more experimental results about heavy baryons have been reported by various experimental collaborations, e.g. the discovery and measurements of Ξ [2] . However, the structures and properties of these baryons are not very clear, hence more precise experimental measurements and detailed theoretical studies are urgent.
For a baryon with one heavy quark, the diquark picture has been taken in various references, see e.g. Refs. [6, 7] . Since the spin and the isospin of two light quarks within the heavy baryon are conserved, they can be regarded as a two-quark system, "diquark", and the diquark then combines with the heavy quark to form the heavy baryon. In this diquark picture, the heavy baryon can be reduced to a two-body system. In this paper, we will focus on the study of heavy baryons containing one heavy quark and two light quarks (u and/or d). We shall not consider the effects of the isospin symmetry violation.
The purpose of this paper is to calculate the decay widths of the strong decay processes Σ ( * ) Q → Λ Q + π with Q = c or b . These processes can be shown schematically in Fig. 1 . From this figure, we can see that the light diquark from the mother baryon Σ ( * ) Q combines with the spectator heavy quark to form the daughter baryon Λ Q after emitting a very soft pion. diquark is very soft, the interaction among the diquarks and the pion can be treated by chiral perturbation theory. In order to calculate the (lowest order) effective coupling constant among the diquarks and the pion, G πφϕ , we will establish the BS equations for the scalar diquark and the axial-vector diquark, respectively. Then G πφϕ can be expressed as the overlap integral of the BS wave functions of the scalar diquark and the axial-vector diquark. To simplify the BS equations for the diquarks to tractable forms, we will impose the so-called covariant instantaneous approximation in the kernels of these BS equations. This approximation was also applied to the BS equations for Σ ( * ) Q and Λ Q [6, 7] . Furthermore, we will assume that the kernels contain a scalar confinement term and a one-gluon-exchange term. Throughout our calculations, we will take the heavy quark limit (that is to say, to neglect all the 1/m Q corrections except for those coming from the kinematic factors). Now let us give some more detailed explanation about the points mentioned above. 
the propagators of the scalar diquark φ and the axial-vector diquark ϕ, respectively, S Q is the propagator of the heavy quark Q, and i is the color index.
Second, let us discuss the effective coupling among the diquarks and the pion. Since the pion emitted by the diquark is very soft, one can expand the low energy effective
Lagrangian of the diquarks and the pion in terms of the pion's momentum. To lowest order, we only need to consider the following interaction vertex:
where b is the isospin index. Then, the matrix element π(q)|T φ i (u)ϕ i ν (v)|0 in Eq. (1) can be calculated out from this interaction vertex,
On the other hand, the effective coupling constant can be related to a transition amplitude (more details will be shown in Sect. 3),
where A(q 2 ) ∼ q µ P φ , i|A − µ (q)|P ϕ , r, i , which can be presented by the overlap integral of the BS wave functions of the diquarks φ and ϕ. To calculate this transition amplitude, we need the BS wave functions of φ and ϕ.
The diquark systems have been studied in Ref. [8] in which the authors first solve the BS equations in the rest frame of diquarks and then boost their solutions to a moving frame. Different from the approach of Ref. [8] , we will solve the BS equations directly under the so-called covariant instantaneous approximation in a general coordinate system. Furthermore, the kernel in our paper is different from that used in Ref. [8] : there are only Coulomb part (arising from one-gluon-exchange) and the scalar linear part in our kernel, V ∼ − 2αs 3r + κ r.
One can see from Eq. (1) that, to calculate the decay amplitudes of heavy baryons, we also need the BS wave functions of heavy baryons. The BS wave functions of Λ Q and Σ ( * ) Q have been studied in Refs. [6, 7] . We will take the results given there as the input to calculate the decay amplitudes of Σ ( * ) Q in this paper. We will constrain the ranges of parameters in our model, m φ (or m ϕ , which is related to m φ ) and κ B , by comparing the theoretical and experimental results about the average momentum of the heavy quark in heavy baryons [10] . With these ranges of parameters, we calculate the decay widths of Σ ( * )
The remainder of this paper is organized as follows. In Sect. 2, we discuss the BS formalism under the covariant instantaneous approximation in some details. After a brief discussion about the BS equation of a general two-quark system, we derive the BS equations for the scalar diquark φ and the axial-vector diquark ϕ, respectively. We also give the normalization conditions of the BS wave functions in this section. In Sect.
3, we calculate the effective coupling constant among the diquarks and the pion. In Sect. 4, the calculation of the decay widths of Σ ( * ) Q → Λ Q + π are carried out in the BS formalism under the covariant instantaneous approximation. In Sect. 5, we discuss how to constrain the parameters in our model and give numerical results for the decay widths of Σ ( * ) Q → Λ Q + π. Sect. 6 is reserved for our conclusions and some discussions. We also include three appendices (A, B, and C) in this paper. Appendix A contains some definitions. We review some results of Refs. [6, 7] in Appendix B. In appendix C, we discuss the normalization conditions of the BS wave functions of heavy baryons.
Bethe-Salpeter equations for diquarks
In this section, we will derive the BS equations for a scalar diquark φ and an axialvector diquark ϕ. Before doing this, we will first discuss the general BS formalism for a two-quark system (other than the system composed of a quark and an anti-quark).
The BS wave functions of the two-quark system are defined as the following:
where i, j, k are the color indices, α and β are spinor indices, and P is the momentum of the diquark. Note that the flavors of the quark fields are not written out explicitly, so the flavors of the quarks could be the same or different. Since the diquark (like an anti-quark) must furnish the representation 3 of the color group SU(3) c , we can define a colorless BS wave function by χ
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where X is the coordinate of the mass-center, p and x are the relative momentum and the relative coordinate, respectively. As usual, we start from a four point function,
S(x 1 , x 2 ; y 2 , y 1 )
The Fourier transform of this four point function is defined by (with indices suppressed)
To obtain the normalization conditions for the BS wave functions we also need an inhomogeneous equation for the four point function,
Near the diquark pole, we can isolate the contribution of the "bound state" (diquark)
to the above four-point function,
5 where E P = P 2 + m 2 diquark is the 'on-shell' energy of the diquark. The inverse of S (0)
, is defined to satisfy the following equation * :
where '+' is for the scalar diquark and '−' is for the axial-vector diquark. We also need an auxiliary quantity,
Operating this quantity upon χ P gives the normalization condition for the BS wave function near the diquark pole P 0 = E P (for more details see, e.g. Ref. [11] ),
where the spinor indices are suppressed. Since the kernel in our approximation is independent of P 0 (see the following subsections) the normalization condition is reduced
Now, let us turn to the discussion about the kernel for the interaction between quarks. The sucess of the potential model for mesons tells us that the strong interaction between a quark and an anti-quark can be modeled by two important interactions, a one-gluon-exchange part (with an effective strong coupling) and a linear confinement * In general, the inversion of S
P (p, p ′ ) will be more complicated. However, in our case (omitting the isospin violation), the following is enough. † Eq. (17) is different from the expression in Lurie's book [11] . The reason is that we have used a different convention for the normalization of one-particle state: p|q = (2π) 3 δ 3 (p − q) . In deriving this normalization condition, we have used the fact that χ P (−p) βα = −χ P (p) αβ for an iso-scalar diquark and χ P (−p) βα = χ P (p) αβ for an iso-vector diquark which will be shown explicitly in the following subsections.
part. We assume that this is also true for a two-quark system. Furthermore, the parameter in the kernel of the diquark system can be related to that of the meson system by the so-called one-half rule [12] : the kernel for the diquark is just one-half of that for the meson.
BS equation for the scalar diquark
In the following we will discuss the BS equation for a Lorentz-scalar and isospin-scalar diquark φ composed of d and u quarks. The definition of the BS wave function of the scalar diquark can be written as
From this definition we can see that χ P φ (−p) βα = −χ P φ (p) αβ . The free two-particle propagators reads
where S(p 1 ) and S(p 2 ) are quark propagators. The kernel arising from the one-gluonexchange diagram is (we don't consider the effects of the isospin violation throughout this paper)
where T a are generators of the fundamental representation of the color group SU(3) c and ∆ µν is the propagator of the gluon field in Feynman gauge. The confinement part of the kernel is assumed to be
where (after imposing the covariant instantaneous approximation [9] , for some explanation about this approximation, see the following text)
where the second term is introduced to remove the infra-red singularity of the confining kernel near the points p rule [12] .
With the interaction kernel in Eqs. (20) and (21), the BS equation (12) becomes (using the relation
where
For convenience, we define a deformed BS wave function,
where C is the charge conjugation matrix. With this deformed BS wave function, the BS equation becomes
This equation can be written in a more usual matrix form,
where the superscript 'T' represents the transpose of the spinor index. In deriving the normalization condition of the BS wave function, we also need its conjugation defined
, which satisfies the following BS equation:
From Eqs. (27) and (28), we can see that χ −P φ (−p) and χ P φ (p) T satisfy completely the same equation. Therefore, once we obtain the solution for χ P φ (p) we also obtain the solution for its conjugate by using χ P φ (p) = χ
Now, using the decomposition of a general matrix of Dirac fields
we can parametrize the BS wave functions as (note the fact that the intrinsic parities of the quarks are the same)
where p ℓ = p·P φ /m φ is the longitudinal projection of p along the diquark momentum P φ ,
To simplify the BS equation (26), we impose the so-called covariant instantaneous approximation in the kernel [9] :
In this approximation the projection of the momentum of each constituent in the diquark along the total momentum P φ is not changed. For a diquark at rest, this requires the 'energy' (p
2 ) of the constituent particle not to be changed. This approximation is appropriate since the energy exchange between the constituents in the diquark is expected to be small when we use the constituent quark masses in the BS equation. Under this approximation, the kernel in the BS equation is reduced to K P φ (p t − p ′ t ) which will be used in the following calculations.
Furthermore, we define a three-momentum BS wave function as χ P φ (p t ) = dp ℓ 2π (26) can be carried out with the following redefinitions:
As usual, these four functions are not independent of each other. Their relations can be obtained by projecting the BS wave function with (see, e.g. Refs. [13, 14] )
where the energy is defined by E 1,2 = −p t 2 + m 
Furthermore, we will take the quark propagators to have the form of the free one which can be written as
Operating the projection operators on both sides of Eqs. (33) and (34) leads to
and
Now, by multiplying Λ ± 1 P φ and Λ ∓ 2 P φ on both sides of equation (26) and integrating out the longitudinal momentum p ℓ along proper contour(s), we can obtain the following constraint equations:
Substituting the parametrization Eq. (30) into Eqs. (37) and (38) we obtain the following constraint relations ‡ :
where we have defined m ≡ m 1 = m 2 and consequently ω ≡ E 1 = E 2 .
In addition to the above constraint relations, we can also obtain other two equations by operating Λ ± 1 P φ and Λ ± 2 P φ upon both sides of equation (26):
The above two equations can be written in matrix form: Λ
These two equations are in fact linear combinations of independent matrices: 1, P φ , p t , and P φ p t
. From the equations of the coefficients of these matrices we can obtain the following consistent solutions.
10 which, after taking the covariant instantaneous approximation and completing the integration dp ℓ 2π
on both sides, leads to (using χ = C −1 χ and written in terms of the matrix form)
Multiplying both sides of Eq. (41) by C −1 γ 5 from the right and taking the trace over the spinor indices gives
. At this point, let us define three-vectors
and p t which satisfy p
Using these definitions, after completing the azimuthal integration, we can rewrite Eqs. (42) and (43) in the one-dimensional integration form,
where a, b = 1, 2 , the 'matrices' are defined by
and the counter terms are
where the definitions of L 0 , L 1 , and G 0 are given in Appendix A . The parameter µ will be removed in the end of the calculation by letting µ → 0 (in fact, taking µ to be sufficiently small is enough for pratical calculations).
Normalization condition for the BS wave function of the scalar diquark
Now, we will discuss the normalization condition for the BS wave function of the scalar diquark φ. From Eqs. (15) and (19) we can define the inverse of S (0) as
From Eq. (17) we have the normalization condition for the BS wave function, i 24
This equation can be recast in the matrix form, 1 48
where ξ = (1, − → 0 ) . Furthermore, we can separate out the longitudinal momentum by using Eq. (27):
On the other hand, from Eq. (28) and the discussion following that equation, we have
With these definitions, we can write the normalization condition as
After integrating out the longitudinal momentum p ℓ and carrying out the trace calculation, we have the following one-dimensional integration equation:
φ is the energy of the scalar diquark.
BS equation for the axial-vector diquark
Now we will derive the BS equation for the axial-vector diquark. Since we will not take the isospin violation into account, we can take the diquark composed of uu with I 3 = +1 as example in the following discussion. The BS wave function is defined by
where i, j, k are color indices, r is the index of the polarization vector of the axial-vector diquark. The free two-particle propagator reads
The kernel arising from the one-gluon exchange diagram is
On the other hand, the confinement kernel is assumed to be
From the above kernel and S (0) we can obtain the BS equation for the axial-vector diquark,
which has the same form as that for the scalar diquark, Eq. (26). Similar to the case of the scalar diquark, we can parametrize the BS wave function of the axial-vector diquark by several components g f (f = 1, . . . , 8), which are functions of p t and P ϕ :
where ε (r) ρ is the r-th polarization state of the axial-vector diquark, which satisfies
Performing the same procedure as that for the scalar diquark in the previous subsection, we have the following constraint relations for the coefficient functions:
With these constraint relations, the BS equation for the axial-vector diquark is composed of the following four integral equations:
After carrying out the azimuthal integration of the three-momentum p ′ t , we have
where B ab (|p t |, |p Using the Gaussian quadrature method to discretize the integral equations, we obtain 15 the following linear equations:
where U i , R i , S i , T i (i = 1, . . . , 4) can be read off from Eqs. (64), (65), (66), and (67),
respectively. After some algebras we have the following eigenvalue equation for g 7 :
where, for convenience, we have defined
Afterg 7 is solved out from Eq.(70), we can obtaing 3,4,5 by the following equations
Normalization condition for the BS wave function of the axial-vector diquark
The inversion of the 'free' four-point function (58) can be defined to be
From this equation and using the fact χ 
Similar to the case for the scalar diquark, we define
and g 1 ′ , . . . , g 7 ′ are defined by the following integrations:
Then the normalization condition can be written as
which is similar to the case for the scalar diquark. After integrating out the longitudinal momentum p ℓ and carrying out the trace calculation, we have the following one-dimensional integral equation:
where E ϕ = P ϕ · ξ = P 0 ϕ is the energy of the axial-vector diquark ϕ.
The effective interaction of diquarks and the pion
As pointed out in the introduction, to study the decays of baryons in the diquark picture, we should first calculate the matrix element π(q)|Tφ i (x)ϕ i (y)|0 . This can be determined by the effective low-energy interaction of diquarks and the pion. We will calculate the effective coupling constant in this section by presenting the decay amplitude of a process, where the axial-vector diquark decays into the scalar diquark and a very soft pion, in terms of BS wave functions of diquarks φ and ϕ .
Let us first introduce the effective interaction vertex of diquarks and the pseudoGoldstone-boson pion:
where i is the index of the (anti-)fundamental representation of the color group SU(3) c ,
is π meson field with b (= ±, 0) being the isospin index. Then the decay amplitude can be calculated out to the lowest order,
where the summation over the repeated color index i is assumed and no summation is assumed for the repeated isospin index a. On the other hand, we can present this decay amplitude in terms of the following transition amplitude with the aid of the partial conservation of the axial currents (PCAC) [15] ,
where f π ≈ 93.3 MeV is the pion decay constant, and the axial-vector current is
. Furthermore, momentum conservation and Lorentz invariance lead to
where q = P ϕ − P φ and P ϕ · ε (r) = 0 have been used. The factors 2E φ and 2E ϕ are introduced in Eq. (92) for latter convenience ¶ . This can been seen from the normalization equations (55) and (88): with these energy factors absorbed into the BS wave functions of the diquarks, we shall only normalize 2E φ χ P φ and 2E ϕ χ 
This equation shows that the amplitude A must develop a pole at q 2 = m 2 π . As usual, we can decompose this amplitude into two terms: one has the desired pole, the other is regular:
where B 1 and B 2 are smooth functions without extra poles at q 2 = m 2 π , and their dependence on q 2 are expected to be very weak and hence are nearly constants when q 2 is small enough, e.g. q 2 ∈ (0, m 2 π ) . With these expectations in mind, we have the following Goldberger-Treiman-like relations:
Then, the effective coupling constant can be calculated approximately by
(96) ¶ In fact, by including these energy factors in the definition of the transition amplitude we make A be a Lorentz invariant quantity since we have used the normalization convention for the single particle
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The transition amplitude A(q 2 ) at q 2 = 0 is regular and it is this value that will be calculated in the following.
To calculate A , one can choose a specific polarization vector. Choosing ε (r) = P t φ and using Eq. (92), we have
Let us now turn to the calculation of the matrix element
which can be represented in terms of the BS wave functions of the diquarks φ and ϕ (using Eqs. (52) and (77)),
where 
P φ , and cos θ is the azimuthal angle between p t and P t φ . By momentum conservation, |P t φ | and P φ · P ϕ can be written as:
where we have defined
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To integrate out the longitudinal momentum p ℓ , we decompose the propagators
, and S(−p 1 ) into
where p 
and can be written out explicitly as
Carrying out the integration over the longitudinal momentum p ℓ , the transition amplitude (98) becomes
where Tr (±±) are abbreviations for the following expressions:
The traces are too lengthy to be expressed here (and so are the transition amplitudes).
Therefore, we will give only the numerical results in the following.
Numerical results
Motivated by the studies of mesons in the potential model [16] and in the BS formalism With the solutions of the BS equations as the input, the transition amplitude in Eq.
(109) can be calculated out. Then, from Eqs. (96) and (97) we obtain the values of A(0) and G πφϕ . The results are listed in Table 1 . It should be noted that the sign 
where the superscript i is the color index, φ i is the field of the scalar diquark and ϕ 
is the quark propagator. The BS wave function of the heavy baryons are defined by
If not explicitly pointed out, the summation is understood for repeated color index i .
The complex conjugate of the BS wave function is defined by χ (
To simplify the analysis, we take, as usual, the propagators of the diquarks and the heavy quark to have the forms of the free ones. Then we have
where m Q is the constituent mass of the heavy quark which can be determined by, e.g.
fitting experimental data to the results of the potential model for mesons, m φ and m ϕ are the masses of diquarks φ and ϕ , respectively.
The matrix element π + (q)|T φ i (u)ϕ i ν (v)|0 can be calculated out to the lowest order with the effective interaction vertex defined in Eq. (89),
where the factor 3 comes from the summation over the color index. Then Eq. (111) becomes
where p 1 is the momentum of the heavy quark Q within the baryon Σ ( * )
Q and p ′ 1 is the momentum of the heavy quark Q within the baryon Λ Q , p 2 and p ′ 2 are the momenta of the diquarks ϕ and φ , respectively. These momenta are related to the total momenta of the bound states by the following equations:
where the parameters λ 1,2 and λ ′ 1,2 are defined by
Following Refs. [6] and [7] , we can present the BS wave functions of the baryons as
where u Λ is the Dirac spinor of Λ Q . Since there is a delta-function δ(p ′ 1 − p 1 ) in Eq. (118), to the leading order in 1/m Q expansion, we have
Similarly, to the leading order in 1/m Q expansion, we can present the BS wave function in the baryon Σ ( * )
where m = 1 is for Σ Q , m = 2 for Σ * Q , E 0 is the binding energy of the baryon Σ ( * ) Q which will be determined in Sect. 5. For more details on discussions about the BS wave functions of heavy baryons, the readers are referred to the original references [6, 7] . For convenience, we also give some results in Appendix B. In the above equations, we have defined the following quantities:
are perpendicular to the "velocities" of the baryons,
perpendicular to P Σ . The polarization vectors of the baryons Σ Q and Σ * Q are given by
where u Σ (v) is the Dirac spinor and u µ (v) is the Rarita-Schwinger vector spinor.
B (m)
µ (v) satisfies the following conditions:
The above constraints for m = 1 can be seen from / vu Σ (v) = u Σ (v) while for m = 2, they are the properties of the Rarita-Schwinger vector spinor with spin 3 2 . The expressions
) and M λµ (p t , p ℓ ) are given in Appendix B (these expressions are extracted from Eq. (12) in Ref. [6] and Eq. (28) in Ref. [7] , some notations in this paper are different from those in the original references). On the other hand, the delta-function
leads to the following relations:
The poles of p ℓ and p and M λσ (p t , p ℓ ) contains p ℓ up to second order [6, 7] .
After carrying out the integration over p ℓ in Eq. (118), we have
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The tensor function M λρ is defined by 
where h is arbitrary smooth function and
Then only terms containing the factor P
ρ (v) can appear in the final expression. The calculation is straightforward and we have
Note that the energy factors √ 2E Λ and √ 2E Σ will be absorbed into the corresponding BS wave functions.
This is convenient since they appear in the normalization conditions (C4) and (C9)
given in Appendix C and make the normalization conditions be Lorentz invariant.
In the rest frame of Σ ( * ) Q , the differential decay width of Σ ( * )
where dΩ is the solid angle of the particle in the final state, and P Λ is the threemomentum of the baryon Λ Q . The Lorentz-invariant amplitude in our case can be written as
We will calculate the unpolarized decay width averaging over the spins of the initial states and summing over the spins of the final states. For Σ Q , we have 1 2
while for Σ * Q , we have 1 4
While deriving the above two equations we have used the following formula for the spin sum of the Dirac spinor:
with v Λ Q = v ′ , v Σ Q = v , and the formula for the spin sum of the Rarita-Schwinger spinor [11, 18] ,
where the fact ( v + 1) v = v + 1 has been used in the final step. The total unpolarized decay width in the final form then reads
Numerical analysis
We will first discuss the parameters appearing in this paper. These parameters include m φ , m ϕ , κ B , m Q , and E 0 . The study of mesons in the BS equation approach [9] shows that the values of the masses of the heavy quarks m c = 1.58 GeV and m b = 5.02 GeV lead to predictions in good agreement with experiment.
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Now, we discuss the ranges of the masses of diquarks φ and ϕ. In contrast with the colorless hadronic states, diquarks (and other color states) are not free. Therefore, their (effective) masses can not be measured in experiments. In our discussion, we will treat these masses as parameters varying in reasonable ranges which satisfy various constraints from physical considerations. From the analysis of the spectrum of the heavy baryons, Ref. [17] shows that the mass of the scalar diquark is related to that of the axial-vector diquark: m ϕ − m φ ≈ 0.210 GeV . In our calculation, the mass of φ is taken to be in the range m φ ∈ (0.70, 0.80) GeV and the corresponding range of the mass of ϕ is m ϕ ∈ (0.91, 1.01) GeV.
Now consider κ B . It is argued in Refs. [6, 7] Now we will determine m ϕ + E 0 . In the heavy quark limit, the baryons Σ Q and Σ * Q should be degenerate and the dynamics inside them are the same. In the heavy quark limit, we can write out the masses of the baryons as
where m ϕ +E 0 is the value to the leading order in 1/m Q expansion and then is universal Table 2 . From this table, one can 
6 Discussions and conclusions
In this paper, we have first studied the properties of two kinds of diquarks, the scalar diquark φ and the axial-vector diquark ϕ, in the BS formalism. We have derived the BS equations for these two kinds of diquarks and studied all the BS equations under the covariant instantaneous approximation, which allows one to obtain the BS wave functions in a general coordinate system directly. With these BS wave functions of the diquarks, we have calculated the effective coupling constant among the diquarks and the pion, G πφϕ . We find that this effective coupling constant is |G πφϕ | ∈ (3.35, 3.88).
With this effective coupling constant, we have calculated the decay widths of the heavy baryons Σ 
which are comparable with our results in Eq. (146).
In this paper, we omit all the 1/m Q corrections in the calculations. If the 1/m Q corrections are taken into account, we can take the value of Γ(Σ c ), which has been measured precisely in experiments, as the input to constrain the parameters κ B , m φ , and m ϕ and make more precise predictions for Γ(Σ * c ) and Γ(Σ ( * ) b ). The full 1/m Q corrections include the 1/m Q corrections to the kernel, to the heavy quark propagators, and to the BS wave functions. The 1/m Q corrections for Λ Q have been discussed in Ref. [20] . Since the study of these 1/m Q corrections is very complicated, this is beyond the scope of the present paper and will be discussed elsewhere.
Finally, the effect of the isospin violation is not taken into account to make the presentation of the calculation more transparent. After taking into account the effect of the isospin symmetry violation one can obtain more information on the properties of heavy baryons (if including the strange quark s, one can also give predictions for Ω Q and Ξ Q ). This will be the subjects in the future work.
B 47 = 2m
B 54 = 2m|p|
C 53 = C 54 = 0 , C 55 = 4|p| 4 (m 2 − |p| 2 )L 0 , C 57 = −2m 
where the functions L i and G i (i = 0, 1, 2) are defined by
The normalization equation for the BS wave function of the baryon Λ Q is given by
where s and s ′ are indices of the spin of the baryon and
Then we have i 3
After carrying out the integration over p ℓ , the normalization equation becomes (multiplying δ s,s ′ on both sides and summing over the spin indices)
which can be reduced further to a one-dimensional integral equation,
where W p = |p t | 2 + m 2 φ , φ 1,2 are defined by
As pointed out in the beginning of this section, in the heavy quark limit, the normalization condition above should reduce to that obtained by the normalization of the Isgur-Wise function at the zero recoil point. This can be checked easily. In the heavy quark limit, m Q → ∞, we have λ 
One can see that this is the same equation as that given in Ref. [6] at the zero recoil point Ω = 1 (see Eq. (26) in Ref. [6] , notice that Ω is written as ω there) ‡ ‡ . ‡ ‡ In fact there is an extra factor E Λ /(3m Λ ) in this equation when compared with Eq. (26) of Ref. [6] . The energy factor E Λ /m Λ is required to make the BS wave function φ be a Lorentz scalar in our convention of one-particle states, p|p ′ = (2π) 3 δ 3 (p − p ′ ) , which is different from that used in Ref. [6] , p|p ′ = (2π) 3 δ 3 (p − p ′ )E p /m . Furthermore, the factor 1/3, which comes from the summation of the color indices, does not appear in Eq. (26) of Ref. [6] . However, the ignorance of this color factor does not affect the results when one calculate quantities like those in Ref. [6] .
which gives the same result as that obtained through the normalization of Isgur-Wise function at the zero recoil point [7] (the discussion about the extra factor appearing in this equation is the same as that given in the previous footnote).
